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Spectroscopy of excited states

A reminder

Why do we measure excited states!?
How do we observe excited states?

What are the primary observables!?

... why measure state lifetimes!?
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Why do we measure excited states?
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Provide a wealth of information on the structure of the nucleus
Can identify collective and single-particle excitations of many varieties

Level spacings alone provide a lot of information
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Why do we measure excited states?

12¢ 2082.7
Provide a wealth of
information on the
structure of the nucleus e 1618.1 [ n* (I+1)
258
Can identify collective E(07) =0
and single-particle ) it E(2") = 6(12/29)
excitations of man
varieties ’ 6* 6144 B(47) = 20(0°/23)
E(67) = 43(h*/29)
. a* 299.5
Level spacings alone y - E(8%) = 72(h?/29)
provide a lot of 0* o
information : oo
I64EI"
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120Te: A lesson from history...

For many years based
on its level scheme
120Te was considered L :
a textbook example £
of a vibrational }
nucleus ... quite 1 5
literally
Kran e /vn' ure 5.19 The low-lying levels of ?°Te. :he single quadrupole phonon state
(first 2*), the two-phonon triplet, and the three-phonon quintuplet are obviously
88en. The 3~ state presumably is due to the octupole vibration. Above 2 MeV the
structure becomes quite complicated, and no vibrational patterns can be seen.
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120Te: A lesson from history...

... and then

TABLE II. Comparison of the measured data for the '**'>'?*Te isotopes with
various available models.

Transition strength

A Experiment  Vibrator Asymmetric rotor I[BA-2

¥ 0179 v =25 —0.
measurements were made oo, m owa  ousy-ns oo
Q.(2%)/ Qo 124 —0.189(16) —0.066
e o) 120 1.640(33) 2.0 1.426 y = 25° 1.514
B 122 1.500 (40) 1.394 y =27.5° 1.470
=t 124 1.162(53) 1.456
It turns OUt’ the data’ ﬁt d ;f;<—;;§ 120 237(58) 3.0 1.781 y = 25° 1.82
Lt L 122 1.748 y = 27.5° 1.710
deformed rotor model far e
. il i 120 1215(50) 2.0 0.906 y = 25° 1.560
bettel" than d Vlbl"atOI" R 122 0.954 (74) 1255 y = 21.5° 1.525
. . . . I 124 1.115(175) 1.540
(similarly in the Cd isotopes) NS o ey e wayes 103
%:—0; 122 102(11) 82.60 y = 27.5° 102
RErHl) 124 154 (35) 146

B(E2:2; —07)

B(E2; 07, — 27) 120 0.666 (20)

The lesson: level energies are BER G, 52 122 06600
never enough

M. Saxena et al. PRC 90 024316 (2014)
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Why measure state lifetimes?

What does a state lifetime tell us!?
Internal transitions are electromagnetic, and the transition
probability can be defined as

Tir(AL) =

8m(L + 1) (E,Y

2L+1
RL((2L + 1))2 hc> AL; Ji = Jy)

Which relates the transition probability (and therefore the
lifetime) to the reduced transition matrix element, B(AL)
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Weisskopf estimates

So what!

We can use this reduced matrix element to
determine whether the transition is “single-
particle” like

1.22L /1 3\’
B(Wu : EL) = 4 ( ) A2L/3e2 fi 2L
v

10 3 2 Ao\ 2
BOvu: L) = 212 () v (G ) gt
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Again... so what?

B(E2) /! B(E2) sp

It turns out that very few
nuclear excitations can be
described well by
Weisskopf estimates

- .
> @ L Ll L] L] 1 L) L] L]

... heed to introduce
deformation and collective
motion to explain this

P
=
= = — = =
T | el & L] Ll L2 L] L] L]
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Deformation

In the rotational model we define deformation with the intrinsic
quadrupole moment, Qo - which we can relate to the B(E2)

D
B(E2) = ——Q3|(J:K20|| ] K)

. and therefore to the state lifetime

1 5 .
— = 1.223E°>—Q? (J; K20| |J: K

T

. and Qo is then related to the deformation parameter, 32

@o=%2R% <1+ \fﬁﬁ )
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Single-particle structure

On the other hand, M| transitions relate closely to the single
particle structure of a nucleus

Under certain conditions, for example:

3
B(Ml) — EM?V(QR — JdR

22— K){ + K)
) 121 + 1)

gk and gr are the single particle and collective g factors, which
relate to the magnetic moment - itself related to the nucleon
configuration

K is the projection of the band on the symmetry axis
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Lifetime measurement regimes

® A number of Lower limit
experimental techniques
are available

® FEach is suited to a
different regime (with
some overlap)

Electronic
timing

RDDS

: DSAM 10 fs 10 ps
® Techniques cover P
practically all potential Lineshape 1 o 100 fe
ifetimes... with provisos
CouEXx 0~ o

* with some provisos
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“Long-lived” states

We'll define these as
anything longer lived than
~|-10 ns (depending on

stats) 500 |
12
. . =
No specialized 3 200f _ .
experimental equipment !
" 100F .
required : - -
time [ms]
basically isomers J. Kurpeta et al., PRC 82 064318 (2010)
:
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“Long-lived” states

An example:

135Xe 137Xe 138Xe 1:39Xe 140Xe 141Xe 142Xe 143Xe 144)(e 145Xe 146Xe 147Xe 148Xe
lodin
129| 130| 131| 132| 133| 134| 135| 136| 137| 138| 139| 140| 141| 142I 143| 144| 145| Zo_d53e

1 28Te 1 29Te 1 30-|-e 131 Te 1 32Te 1 33Te 1 34-|--e 1 35Te 1 36Te 1 37-1--e 1 38Te 1 39Te 1 40-|--e 141 Te 1 42-|-e 1 43Te ;e="5l.|2r| um

127Sb 1288b 1298b 13OSb 131Sb 1328b 133Sb 1348b 1358b 1368b 137Sb 1388b 13QSb 14OSb Antlmony

Z=51
Z=50

250 12y 12y 128y 29 13 | % | 2n N N ®6n Indium
Z=49
12404 2cd 'cCd '7Cd 2cd '®cd | *°cd | ®'cd '*cd **Cd g:génium
Silver
WAg Ag Ag Ag "TAg 'Ag | mAg [ mag Sive “Saniority” i
— eniority” isomers
allaaium

Z=46
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Sn seniority isomers

In the vicinity of closed shells
low-lying excited states are
constructed by breaking pairs.

130Xe 131Xe 132Xe 133Xe 135Xe 137Xe 138Xe 139Xe 140Xe 141Xe 142Xe 145Xe 144Xe 145Xe 146Xe 147Xe 148Xe
129| 130| 131| 132| 133| 134|

135 136 137 138 139 140 141 142 143 144 145 lodine
| | | | | | | | | | | 7-53

[ ] [
*Te ®Te Te "“'Te Te PTe | ™Te | *Te Te 'Te T '*Te Te "'Te '“Te '“Te ;elgg'um EXPe rlment IOOI(I ng for

127Sb 1288b 1298b 1SOSb 131Sb 132Sb 1338b 134

these isomers in '3%!38Sn
Sn ¥'Sn '@Sn ®Sn sn gn Sn "o
= R R berformed at RIBF - RIKEN

209 50d Pcd 'PCd '®Cd '?°cd | *°cd | *'cd **cd '*Cd Cadmium
Z=48

123 124 125 126 127 128 129 130 Silver 0 a P a n )
Ag A PAg ®Ag Ag ®Ag | @Ag|“Ag S

12py 128pq 124pg  1Bpyq 126pq  127pq | 128py Palladium
Z=46

b SSSb 13 b 4OSb Antlmony

Results in isomerism.
See lecture 6 - shell evolution
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Sn seniority isomers

Beta-delayed gamma
spectroscopy (see e.g. GRIFFIN)

KRR IV =D L
W AR
(EURICA)
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Sn seniority isomers

801 (a) E 0 . T, ;,=46(7) ns
B 2 60 il IRGAY RE i —
% 0 50 100 150 200 250
ime (ns)
€6 99 5 40 l
start S - 638
20
161 (b) £ T, ,=210(45) ns
112
Y-Cascade > | e i M
B2t g of
«¢ 99 ~ : : ' :
L 0 250 500 750 1000
StOP g 10 time (ns)
3 gl 461
O 715
6 L
4 -
Cascade " with i it ok o
ascade prompt with isomer o I TNATITH T
100 200 300 400 500 600 700 800 900
Energy (keV)
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Fast electronic timing

® Specialized setup using fast response detectors
® HPGe and Si detectors no-longer fit the bill
® Need something... faster

LaBrs Nal(TI) BaF, BGO
Light Yield LY [ph./keV] 61 41 1.8 9
Decay Time 7 [ns] 16 250 0.7 300
F.O.M (7/LY) 0.26 6 0.38 33
Energy Res. Q662 keV 2.7 5.6 114 9

LaBr3(Ce) fits the bill
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Why LaBr3?

Aside from the obviously beneficial fast rise-time...

Large light-yield / MeV

Makes selecting the
transition of interest

arb. units
N
|
w
4))
=
N
D —
E—
w
o'

) M
B | ||| l|| " |J
ettt g o ‘/\; 'I'H |‘|| / | ,"| \' |
. TR ' N2 B
more practical S A7) N
/
0 T T ' \A“"/
800 1000 1200 1400
Energy (keV)

Large signal also means less “jitter” in the timing signal

May 31 2016 Excited-state lifetimes
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Fast timing systems

There are now a few dedicated fast-timing setups
around the world - typically coupled with HPGe

I
. 2 o | ' 2R &
. { "] I =5 e
il e
52 S o ,
3 S8 N 4 | ’r
> o e
; x 4 L3 L. ik . :
< L@ & . \\ -~
"\ v/ [ 2 ¥ .-
% a ¢ S
b
) . A b £ E - E
5 ’ | 5

Also regularly folded into other spectroscopy setups
(GRIFFIN, EURICA, etc.)
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Fast electronic timing

Gate on feeding transition (start)

'''''''''''''''''''''''''''''''''''''
”Ru (11/2-): Tyi2=29ns
Y1 tsta rt
! 10
: lmmmm IIIJILLULL.MJ_J_MII
stop
12 o111 111
100 200 300 400
DT (10 ps/ch)

Gate on decay transition (stop)
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In direct lifetime measurements feeding isn’t really an issue

Becomes important when you cannot explicitly gate on the
transition into a state

Can sometimes be neglected for vastly different lifetimes

Generally an issue which plagues lifetime measurements - in
particular older ones

As a rule: if the data weren’t taken with some form of
coincidences, there’s a good chance they’re wrong...

May 31 2016 Excited-state lifetimes 22
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Recoil-distance Doppler shift

Separation: D

Beam g
@ > O > o—
V1 Vo < V1 V3 < Vo
Target Degrader

Lifetimes sufficiently short that we can’t directly measure them

Use some physical effects to help us
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Recoil-distance Doppler shift

Separation: D

Beam g
o > O > o—
\A Vo < Vi V3 < V2
Target Degrader
@ ’ @
Vo V3
E7

B = T = Beos(0))
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Recoil-distance Doppler shift

Separation: D

Beam g
@ > O > o—
V1 Vo < V1 V3 < Vo
Target Degrader

Run at multiple separation distances to effectively probe different
times
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Recoil-distance Doppler shift

F%efls 30° 275um| 900 275 um 1400 g
500 - 400 F-
400 £ 300 -
Example spectra taken at NSCL 000 - g
. . 200 [—
(I\/Ilchlgan) 200 -
350 £ e
E, 3005_ 250
Left hand spectra are forward 3 20F fzg
angles (“blue shifted”), right hand 8 150 100
backwards (“red shifted”) 100 5 :
300
300 £ 2505
We see the ratio of components o -
in the slow (S) and fast (F) peaks 1501 00 & i
changes as we move the plunger 050 1000 1050 50 900 950
Energy [keV]

A.]. Nichols et al., Phys. Lett. B 733 52 (2014)
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Recoil-distance Doppler shift

Alternatively: a triple plunger

D+ D2
Beam g 1
O > O > o | _ag
V1 Vo < V1 V3 < V2 V4 < V3
Target Degrader Degrader

e @ @

V4
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Recoil-distance Doppler shift

NAZIZ[S

T ~o
v IT

Three foils - means you can probe two decay lifetimes simultaneously

e.g. 17C: T(1/2*) = 500 ps, T(5/2*) = 20 ps

COUNTS /2keV
400
- 17C (dy.dp)= (keV)
S (3mm,25mm) (solid) 5 /ot 332
i \1 (Imm,10mm) (dashed) /__
300 — h
i I .
1/2 — 219
200 | ‘
n 0
i 3/24s
100
5/2%-3/2gs
0 IR L T
100 200 300 400 500

v—ray energy (keV)
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Recoil-distance Doppler shift

Example, 72Kr:

R . O;MK‘" 0 A7 || Oblate ground state, first-excited
oo | 7! ;Lﬁ; " 0" state, potential transition to

prolate at low excitation E

Used a triple plunger - allows for

COUNTS/3keV

1150 1200

$

? +
:wyﬁjwﬁ'ﬁmﬂ
T

a wide range of lifetimes

(1-100ps)

74Kr used as a test case

400 500

600 700

E, (keV)

May 31 2016
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Recoil-

distance Doppler shift

Models struggle to

reproduce vastly different
B(E2)s

%103 f
(b) — Kr
4 - m 0 present
5
E I 4+_.2+
@ | O
gef
o f
i 2+_’0+
0- | | | | |
34 36 38 40 42 N
May 31 2016

Example, 72Kr:

4000 -
- 4%52% Kr
—~~
"'EBOOO—
Nh—l
() O OO
— 2000 O
o _ O
£ ook . o o O o o
-2"’_;01'
0- 1 L1 1 1
9
% % 2 2 %2 2 B ¢ o o B
o S ~ s m T\ e | R R )
- o %Y o g 2 © B T =
® O O,CO?&V'?-ﬁ
>, — = 2 Z < o 2 % -
o, R 2 2 = %
e S - = -
10‘6\0\
2 = =~

Could be explained by a change in
shape...?
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Doppler-shift attenuation method

For yet shorter lifetimes, recoils decay before traversing the medium
between foils

Proceed using the Doppler shift coupled with the stopping power of
the target

EW/
Ty (1= Beos(0))
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Doppler-shift attenuation method

Results in a distribution of Y-
ray energies

a) Fully shifted
< t:st:opping

>

b) Partially shifted
= tstopping

Number of counts
+

c) Fully stopped
T=> t:stopping

i
E0 Emax

Germanium
detector
a)lle —
b) 5 >
) L eam axis
Penetration Particle
detector

into stopper

Distribution depends on state
lifetimes
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Lineshape methods

For even shorter lifetimes (~fs) no distinct shape can be resolved

Instead, have to model the line shape of the decay (basically: DSAM
but trickier...)

600

- () MKr 4%-2* (b) Kr 4*-2* 1100
% — 77 ps n | 5.6 ps { -
-~ 400~ ——5.9 ps ——3.5 ps .
2 - ——4.1 ps —— 1.4 ps :
= rt| . 50
> 200 ’ '
S N byt

K ¢ |

0 o e o 1 P NP - 0
925 990 575 600 575 600 625 650
E, (keV)
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Lineshape methods

b 7787
€ T i o 1
22Ng, 3.7% 7581
> =1 T I L S S | I 1 171 ] | S I I L S I L | |_= 18% 78%
o 60 .
= | 7787keV — 451 keV t<12fs -
T sol ¢ exp. . \
& s t= 0fs (1.12) . 2052
§ - =121 (1.15) . \ 451
O 401 --------- t=24fs (1.56) . 2 )\g L0.0
30 —
201 -~
: i 2 4 1 h
1oF YT~ 21, £ 1) (2 720 (1= By)
- : (2Jp +1)(2JNa +1) T
~l 1 1 l 1 1 1 L l 1 L 1 1 J L 1 1 1 l 1 1 L 1 l 1 1 1 1 l-
0===6s0 7700 7750 _ 7800 _ 7850 _ 7900
E, (keV)
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Inferring lifetimes

In addition to directly measuring the lifetime of the
state, some reactions can be used to infer it.

e.g. Coulomb excitation

If we make sure our nuclei don’t touch, the nuclear forces
don’t contribute... can basically just consider
electromagnetic effects
...which are entirely understood
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Coulomb excitation

Since we are only dealing with an electromagnetic
interaction, the entire reaction can be solved

da,k

— = =iy Qule W) - (Il 1M 1) - exp(iGin (esinh(w) +w)) - an(w)
Aun

Looks complicated, but is solvable

Importantly, the transition matrix element is directly
related to the cross section
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“Safe” Coulomb excitation

In order to ensure that there are no nuclear
contributions, we define a “safe’” Coulomb excitation
limit.

Basically, we demand that there is a 5 fm separation
between nuclear surfaces

(A1 + As) - Z1 7, 1
Ay 1.25 (41° + 4y%) +5

Eras(MeV) = 1.44

/

Energy to bring projectile (1) T

to with a given separation R :
separation

R of target particle (2) (sep )
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What do we measure?

VVe measure the cross-section vs scattering angle, which
relates directly to the transition matrix elements

0.05

0.045

0.04

0.035

o
o
@

o
o
NV
OfTTTT{TITITTT T TT I T TIT T[T T[T I T[T TT T TT T T1TT]
BERR RN LA R LR R R

b) / degree
o
o
o

o

0.015

0.01

0.005

o

] I I |1 | |1 | I I
20 40 60 80 100 120 140 160 180
0. . (degrees)
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Coulomb excitation

b 8fF 1 | | T
224 ,’i =0.154 o
o An example
B8.=0.080 o
4 i ]
5| ; | a 408 10°
TR X-rays ?f a
- 1 p & - 10
E 0 o [lx &~ .l * £ N A
— J n3
x TILH 4 A,\“""J = ;’? % T o b
2| Ty | > 10 (T =1 o= PR . 102
- 1 e Lo} Y6 27 . S 0
: g 10°k | AT IO B T d10 §
-4 N g Ao W\ I - 5
o0
€102 | T B
S _ S 10 i
Table 1 | Values of matrix elements measured in the present experiment 1072
Matrix element “2Rn 2i5a 1 k-
j 103
<r||ex 1= me.| B(ER). [me. B(EA). . )
(efm’) wu) (efm’) W) LA - T 107
<0'||E1l[]1 > <0.10 <15x%x10°2 <0018 <5 x10°° 100 200 300 400 500 600 700 800 9S00 1,000
<27||E1]|17> <0.13 ':3><10“_3 <0.03 <13x107% Energy (keV)
<2"||E1]|3 > <0.18 <2x10°? 0.026 + 0.005 39°17x107° '
<4 ||E1]|5 > 0.028 = 0.009 3.0%2,x10°° 0.030 + 0.010 4+3x10-° b 10 "
<6" |El1 |77 > <13 <05 <0.10 =3x10 ¢ ?J‘ X-rays ?J T 10°
<0 ||E2/|2'> 137+ 4 48+ 3 199+ 3 98+ 3 4 Ty &, . .o
- 10 ~ < N o
<17 ||E2||37> 180 = 60 60'38 230+11 93+9 - = «r‘fl A . J z 110 o 102
<2*||E2||4*> 212+4 63+3 315+6 13745 I e f FA SN | t .
=37 ||E2||5 > 220+ 150 60" 1%° 410+ 60 190+ 60 - 10° ;r" | &“” [“' i © 10 ©
<a*|E2]l6> 274+ 14 73+8 405 + 15 156+ 12 e F 7N, U'k'ﬂ o il | Jl 5
<6'||E2|/8'> 500 + 60 180+ 60 ‘g ! g II[ Ml ;y‘ L 1 ©
<07 ||E2|[2*,> 32+7 2611 23+4 13+05 3 10° 7 (| h “' ! L -
<0 ||E3][3 > 810+ 50 33+4 940 + 30 4243 = '{L*JL || ' 1 I 101 &
<27 ||E3[17> <2,600 <760 1,370+ 140 210+ 40 10F "HV
<2 [|E3]|3°> <5,300 <1,400 <4,000 <600 ] 10°2
<27 ||E3 5 > 1,700 = 400 90+ 50 1,410+ 190 61+17 C ‘
3
1 | - PR TSN ST ST S NN TR SN T SN S SN e | ) 10
50 100 150 200 250 300 350
Energy (keV)
Octupole def tion in rad d radi
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Summary

® State lifetimes are a vital experimental observables

® Relate to reduced matrix elements - B(AL)

® Vital input for many nuclear models
® |arge B(E2)s indicate collectivity
® (Can be used to probe shell closures

® A number of experimental techniques - covering
most potential lifetimes
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